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A high-frequency test of Coulomb's law is described. The sensitivity of the experiment
is given in terms of a finite photon rest mass using the Proca equations. The null result
of our measurement expressed in the form of the photon rest mass squared is p = (1.04
+1.2)x 10 9 cm . Expressed as a deviation from Coulomb's law of the form 1/r2+~, our
experiment gives q =(2.7+ 3.1) x10 '8. This result extends the validity of Coulomb*s law
by hvo orders of magn1tude.

The testing of Coulomb's law (Gauss's law) by
means of a null experiment dates back to Caven-
dish (1773).' The now classical test of Plimpton
and I awton' was performed in 1936, and showed
that any difference in the exponent fx'om 2 was
smallex than 1 &10 9. Recently two other groups
have extended the accuracy of that x'esult by
two3'~ and four' orders of magnitude. The result
reported here represents an extension in accura-
cy over that obtained by Pli.mpton and Lawton by
six oxders of magnitude.

The experiment described here is a "high-fre-
quency" null test of Coulomb's law. We make
use of the fact that a 1/r' force law does not give
rise to any electric field on the inside of a closed
conductor. A conducting shell that is about 1—,

' m
in diameter is charged tv. 10 kV peak to peak with
a 4-MHz sinusoidal voltage. Centered inside of
this charged conducting shell is a smaller con-
ducting shell. Any deviation from the 1/r' force
law is detected by measuring the line integx'al of
the electric fieM between these two shells with
a detection sensitivity of about 10 "V peak to
peak.

The results of the experiment can be expressed
in tex'ms of the Proea equations, "a relativisti-

cally invariant linear generalization of Maxwell's
equations, which are appropriate to describe the
experimental system when a finite rest mass is
assumed. Proca's equations for a particle of
spin 1 and mass mo are'

( + p, ')A„=(4n/c)Z„,

where Iu =m,c/K In three-dimensional notation,
Gauss s law becomes

V E-4'-p, p,

To calculate the sensitivity of the system, con-
sider an idealized geometry consisting of two
concentric, conducting, spherical shells of radii
B, and R, (R, &8,) with an inductor across (in
parallel with) this spherical capacitor. To the
outex' shell ls applied a potential Voe . An
iterative solution for the field between the spheres
may easily be found. Forming a spherical Gaus-
sian surface at radius x between the two shells
and then using the approximation y(r) = V,e' '
for this interior region, the integral of Eq. (2)
ovex' the volume interior to the Gaussian surface
becomes
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E(r) =(qr s-sP'Voe' 'r)l,

where q is the total charge on the inner shell.
A complete solution of the fields inside a sym-

metrically charged single sphere of radius R2
gives '

p R,V„e2 k(ut

E(+) +s s - ikRs ilhBsur e 3e
x jt~.(e - is i"is i)-( e-i sr-eis r )]~ (5)

and also H = 0. Here ks = aliis/cs-les. A power
series expansion of E(s.) where kr & 1 [near zonej
and (d/c & p, gives

E(s") = --'iiisV e' 'r(l-~ksss+~k'R, ' ~ ~ )&. (6)

Qn neglecting the second-ordex' terIQ, which fo1
this experiment produces an error of j,ess than
i /q, this equation reduces to a nonzero rest

0mass term vrh1ch 1s the same as divas dex'1ved
rathex' simply above.

Since BH/Bt is zero inside, $E dE =0. The vol-
tage appeax'ing across the inductor is then sim-
ply given by

ffdfsl'o&
(~ s R s)Ee dl — p,C 6 2
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The si.gnal-to-noise ratio of a system described
by this differential equation can be analyzed us-
ing conventional circuit theory. On doing this it
tuxns out that the use of a high frequency, high-
Q circuits, a large apparatus, and as high as
poss1Me applied voltage Vo sex've to Q1axlm1ze
the experimental sensitivity.

The experimental apparatus (Fig. l) consists
of five concentric icosahedxons. A 4-MHz rf
voltage between the outer two shells (4 and 5) is
obtained by pumping energy into the resonant
circuit formed by the two shells and a high-Q
@rater cooled coil. A peak-to-peak voltage of 10
kV was achieved. A battery-powered lock-in

11f l cated 1ns1de the 1nnexIQost shell 18

used to detect the voltage appearing acxoss the
inductor. The reference signal for this phase
detector d6x'1ved directly from the voltage on the
outer charged sheD is phase shifted continuously
at a linear rate of 720'/h (@'= &u't) and sent in-
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side on a light beam. The optical photons ax e
pasassed through a small pin hole which does not
pass the rf fox which the hole constitutes a wave-
guide below cutoff frequency. The output of the
lock-in is amplified, sent through a voltage-to-
frequency converter, and then returned outside
the shells on another light beam. This output
fxequency is detected and counted for 50-sec in-
tervals. Finally this digital output is Fourier an-
alyzed fox' the phase-shifting frequency (d .

Stray electric and magnetic fields are shi. elded
against by the skin effect in the conducting shells

h h ttenuates them exponent1ally w1th the d1s
tance of perpendicular penetxation i.nto the con-
ductor. In practice this shielding is limited not
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FIG. 2. Signal output of the system versus phase of
the reference signal when a calibrating voltage of 3.8
x10 ' V is introduced between the two icosahedrons.

FIG. 3. Data from which our experimental result is
derived. The solid curve is a least squares fit of the
data by a sinusoid of angular frequency v', the phase-
shifting frequency. The amplitude of this fitted curve
ia (6.4+7.3) xlo V peak to peak.

by the number of skin depths but by the soldered
seams which are not perfect. By using three
shells for shieMing, this limitation was over-
come. The fields which exist inside any one
shell due to these leaks are shielded out to a
great extent by the next shell.

All fields that are consistent with Maxwell's
equations can be shielded put; the radially sym-
metric field predicted by Proca's equations,
however, cannot be shielded. From Eq. (2) ra-
dially symmetric fields can be produced by a
net charge on the innermost shell or by a viola-
tion such as the form suggested by Proca.

To ensure that adequate shielding has been
obtained for a data run the following procedure
is followed. Before the last triangular member
of the outermost copper shell (No. 4) is soldered
into place, the high voltage is applied. On doing
this, a leakage signal of about 2 &10 V is ob-
served. Since a similar shell (No. 3) gave about
seven orders of magnitude of shielding on com-
pletely closing it shut, on soldering the last
member of this outer shell (No. 4) into place,
any signal that might result because of leaks
should be well below the observed Johnson noise
level of approximately 10 "V.

During a data run to ensure that the gain and
phase of the amplifier have remained constant,
a calibration voltage is periodically introduced
into the system on a third light beam. This beam

on striking a light-sensitive diode induces a vol-
tage on a capacitance divider which is located
just inside shell No. 2.

Figure 2 shows the output averaged over three
cycles of co' when a calibration signal of 3.8
&&10 "V peak to peak is inserted.

The results of a three-day run are given in
Fig. 3. The curve is a least squares fit of a si-
nusoidal wave of frequency w' to the data. The
result for this run, expressed in the form of a
rest mass squared, is given by p,'=(1.04+1.2)
~10 "cm '. This result is consistent with an
earlier though somewhat less sensitive 3-day
run and includes all known uncertainties. Our
experimental result is statistically consistent
with the assumption that the photon rest mass is
identically zero.

Expressed as a deviation from Coulomb's law
in the form 1/w'" as was suggested by Maxwell, "
our result gives

q=(2. 7+3.1) xlO ".
As a test of Coulomb's law, this measurement
is the most stringent to date (see Table I).

The value we obtained for p,
' complements a

geomagnetic limit for a photon rest mass which
was first derived by Schrodinger. " As a test of
Gauss's law-rather than Ampere's law, the work
reported here represents an independent test.

723
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Table I. Results of various tests of .Coulomb's law and tests for a nonzero photon rest mass.

Cavendish (1773)

Coulomb {1785)

Maxwell (1873)

Plimpton and Lawton (1936)

Cochran and Franken (1967)

Bartlett, Goldhagen, Phillips
(1970)

Williams, Faller, Hill

Schroedinger (1943)

Gintsburg (1963)

Nieto and Goldhaber (1968)

a
Feinberg (1969)

Coulomb's Law
violation of form

2+q

-2
2 x 10

-24x 10

-5
4. 9 x 10

-9
2. 0 x 10

9.2 x 10

1.3 x 10

-16
(2. 7 + 3.1) x 10

Test of Ampere's
Law from Geo-
magnetic Data

Dispersion of light

2 m 2

I =(„')

-12 -2
1.0x 10 cm

-15 -2
7.3 x 10 cm

-16 -2
l x 10 cm

-19 -2
(l. 04 + 1.2) x 10 cm

-19 -23x 10 cm

-20 -2
5x 10 cm

-20 -2
1.3x 10 cm

-14 -28x 10 cm

Photon
rest

mass

m
0

-44
& 3.4x 10 g

453x10 g

-463x10 g

-47&1.6x 10 g

-472x10 g

-488x10 g

-484x10 g

aFeinberg, Ref. 12.

And though in terms of a rest mass it does not
quite equal the sensitivity which has been ob-
tained from the most recent analysis ' of Earth' s
geomagnetic data, as a laboratory test it has the
advantage that all of the experimental parameters
are controlled and can be individually tested and
varied. A very sensitive test using an LCD cir-
cuit has just recently been reported"; however,
the authors themselves express reservations
about the precise interpretation of their results.

The theoretical implications of a nonzero pho-
ton rest mass if one were found to exist would be
considerable. In addition, the existence of a
finite rest mass could have some practical im-
portance when describing the magnetic field of
large bodies such as Jupiter and the sun. ' A
further extension of the limit on the rest mass
via laboratory tests of Coulomb's law though in-
creasingly difficult is experimentally feasible.
In view of a number of experimental unknowns
which preclude much if any extension of this
limit using Schrodinger's method, the greatest
promise for further improving on the rest mass
limit may well rest with precision tests of Cou-
lomb's law. To this end, continuing effort on
Cavendish-type experiments would appear to be
worthwhile.

*Present address: Physics Department, Williams
College, Williamstown, Mass. 01267.
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